Ice core data from Yukon and Greenland spanning from •01750 to 1950 indicate that between •01850 and <1910 a clear atmospheric signal exists of an episodic biomass burning event that is referred to as the Pioneer Agriculture Revolution. This is best seen in NH4 + ion and particulate concentrations but also in some limited black carbon concentration data, where for all three quantities maximum levels reach about 3 times the prerevolution background concentrations. Tree cellulose 513C data and some early, controversial, French, air CO2 data, occurring within the same time interval, are interpreted as providing other independent evidence for the same, mainly North American, late 19th century biomass burning event. Some hitherto problematic northern hemisphere ice core derived CO2 concentration data may now be interpreted as containing a biomass burn signal, and these data are compared, especially as to the time of occurrence, with all the other results. A global carbon cycle model simulation of atmospheric CO2 mixing ratios using a maximum input of 3 Gt(C)/yr at northern midlatitudes produces "anomalous" CO2 levels close to some of the ice core carbon dioxide values. However, other values in this data set do not reasonably represent fully mixed atmospheric values. This suggests that these values might be transients but still "tracers" for biomass burning. Nevertheless, it appears possible that interhemispheric CO2 gradients of similar magnitude to the present one could have existed briefly late last century.
matic Change. $tanhill [1982] stated that one particular series of the French data was "compatible with the hypothesis that a major and variable nonfossil fuel source of atmospheric CO2 was active during the last quarter of the nineteenth century." Even so, it was evident that these data were highly controversial. However, seen in the light of the present ice core data, some of the French direct-air CO2 concentration data now take on a supportive role in defining part of the PIAGREV. Some previously unpublished "anomalous" ice core CO2 results from Mount Logan and some recently published data for Greenland [Wahlen et al., 1991] (involving the well-known "missing sink") make this exercise somewhat qualitative, but results are presented which show a small perturbation in atmospheric carbon dioxide in the high latitudes of the northern hemisphere during the PIAGREV. Whereas the global atmospheric carbon cycle model computes CO2 concentrations in a fully mixed atmosphere after each time step, we interpret some of the ice core CO2 concentration data as not being representative of a fully mixed atmosphere. This does not necessarily detract from the value of those data, which can still be used qualitatively as a "tracer" for the most intense phases of the PIAGREV.
Several sources of information suggest that the PIA-GREV event consisted of two main episodes. Peaks in activity evidently occurred between about 1850 to 1860 and between about 1890 to 1900, the second episode (or emission pulse) being the larger one. In the last decades of last century the major railways of North America were being established, and the second pulse of the PI-AGREV may be directly and indirectly associated with that event.
The evidence presented here strongly suggests that the Antarctic ice core sites are not very "sensitive" to short-term transient events in the middle to high latitudes of the northern hemisphere, yet the Antarctic ice core gas data have usually been used to describe the state of the global atmosphere prior to about the middle of the 20th century. Most importantly, the northern hemisphere ice cores contain information on trace gases that is not immediately apparent in the high-latitude ice cores of the southern hemisphere. This is somewhat surprising considering that there were concurrent pioneer agricultural activities taking place in the southern hemisphere [Wilson, 1978] and that some exposed trees in coastal South America show a 513C decrease at the time of the PIAGREV.
The observation that other southern hemisphere trees do not show this underscores the important fact that tree 513C data are often very difficult to interpret. This is apparent from the very rich literature on the subject. Recent developments in modeling forest fire plume transport on a hemispheric scale [e.g., iacobeilis et ai., 1994] seem to provide a means of interpreting some of the large variability in the ice core and the tree ring data, and particularly between differences in the published tree 513C data.
The philosophy of this paper is based on an interdisciplinary approach to problem solving and on the principle that multiple pieces of independent evidence, which on their own would hardly be sufficient to support a thesis, accumulate a higher degree of probability when considered in combination.
Thus a "cumulative probability" results that must be significantly greater than any one of the individual probabilities attached to each single piece of evidence. This concept is given a formal but not a rigorous basis at the end of the section synthesizing the evidence for the PIAGREV.
Ice Core Sites and Data Overview
The [Benson, 1962] . This thermal regime is important for the preservation of chemical species in the snow. It is especially important when studying past CO2 concentrations in cores where the "ice" formed from dry snow. The formation of ice at the surface will sequester CO2 which will subsequently contaminate the core in the region at depth where the interstices between grains are sealing off a sample of the atmospheric air. Careful core sampling will reveal the local contamination, enabling the "correct" atmospheric sample to be obtained [Stauffer et al., 1985] . Carbon dioxide data for the GISP2 site are already published [Wahlen et al., 1991] but were not fully interpreted at that time. There, the formation of ice at the surface is rare, and strict sampling procedures were used which discriminated against surface-formed "ice" in the core. At the site on Mount Logan, transient meltwater ice lenses have not been seen in the recent snowpack. These would affect not only gas adsorption but also soluble ion concentrations at the surface. Ice lensing is unlikely to have occurred significantly during the last, generally colder, three centuries, which the core spans. However, hard (high density) timing [Alford and Keeler, 1970; Labelk, 1974; G. Holdsworth, unpublished data, 1986, 1988] occurs infrequently but is one possible cause for sporadic anomalies seen in ~9% of part of the Mount Logan CO2 concentration data obtained in 1984 [Claud, 1985] . These data will not be presented here because of the general difficulty in interpreting all the anomalies that seem to be present in those data. It has been suggested that acid-base reactions at grain boundaries may generate "excess" CO2 [Delmas, 1993 When only trace gas data with the lowest error bars are selected from the Mount Logan ice core data set, the "excess" CO2 anomalies (above the Antarctic CO2 reference curve) have a striking correspondence in time with the PIAGREV emission history to be described. This is also the case for the GISP2 data. Riming (solid elsewhere [Dibb et al., 1993] . We now present the primary data used in building up a self-consistent description of the PIAGREV.
We have reported the data as the original ionic (or other component) concentrations in the ice core meltwater, rather than converting to fluxes. Although, in principle, this step could be taken, since the timescales and annual increments are known very well, we have not done so because there are too many uncertainties associated with atmospheric and surface snow processes occurring at the ice core sites involved [Dibb et al., 1992] . The carbon input function used in the global carbon cycle model is a flux, but it was generated using (as a guide) published fluxes derived from tree core 5•aC data together with form functions derived from the ice core data.
Data and Results
We first present data that are strongly associated with known agricultural activities which occurred (pri- Ice cores from glacier sites where the mean annual temperature is less than about-25øC are generally thought to trap atmospheric trace gases at about the same mixing ratio as they had in the free atmosphere [Raynaud and Barnold, 1985] . The one proviso is that there should be no melt-ice formation at the surface or near surface; otherwise, excess CO2 will be sequestered into the snowpack. However, suitable sampling can usually be made to avoid such ice layers [Stauffer et al., 1985] . Another process that could sequester CO2 in the surface snowpack is harA •i•i• (•o,ivod from supercooled water droplets occurring in clouds at low temperatures). This process may occur more readily at high-altitude sites such as on Mount Logan.
In Table i Table i is compatible with the Greenland ice core data. Significantly, the combined ice core CO2 data show temporal features that associate it with the PIAGREV. This important point will be demonstrated in a later section of the paper. Thus any attempted explanation of the high CO2 values based solely on in situ ice core chemical reactions [Delmas, 1993] [Francey, 1981] . However, these data might more nearly Some of the inconsistencies among different tree core data sets may be due to the particular geometries of smoke (and gas) plume trajectories that evolve from the fire source. This is suggested by the CO2 transport modeling by Iacobellis et al. [1994] . Some trees have a very short wood-forming interval. For Bristlecone pine it is only about 6 weeks [Wilson, 1978] 
Probability Estimate for Combined Data
Given that each data set described above has an individual probability of being related to a common event, the system of data sets provides a means of estimating the combined probability that the PIAGREV was a "fundamental" event. If, for simplicity, we initially take only three of the events and assign individual probabilities [P(Ei); (i = 1,2,3)] that they are all related to a single main event, E, we can estimate this combined probability P(E) using the general addition law of probabilities [Chatfield, 1983] . The combined probability that the three "subevents" are related to the parent event E is thus given by
P(E•E2) -P(E2Es) -P(E•Es) + P(E•E2Es).
Taking a relatively low probability of P(Ei) -0.50
for all three events, we calculate a combined probability of P(E): 0.875 that the three events are related to the parent event. Next, to accommodate the six events, we repeat this procedure for two combined "events" (each composed of three subevents) with a probability of 0.
of being related to a common event (again E). The required equation is P'(E) = P(Ea + Eb) : P(Ea) + P(Eb) -P(EaE•)
where E• and Eb are now each taken as equal to the previous P(E). We thus get a new probability, P•(E) = 0.984, which is close to the probability level acceptable in most statistical studies. Even using a less optimistic value of P(Ei) = 0.40 (40% probability), the equations yield a value of P•(E) : 0.954, which is still within acceptable statistical limits. If we take a more confident value of P(Ei) = 0.60 (and this would not be unrealistic for the combined ice core CO2 data, in which each data set would, of course, have a much lower individual probability), then we find that P•(E) = 0.996, which defines a very high statistical probability.
Atmospheric Carbon Input Fluxes From Biomass Sources
In 1860, fossil fuel burning was taking place, but at a very low level compared to extant biomass burning [e.g., Keeling, 1973 Next, we present a strategy involving a coupled atmosphere-ocean model, which was used in an effort to simulate the atmospheric CO• variations over the last two centuries. This exercise requires a knowledge of the biomass "source" function and a certain freedom to construct carbon "sink" functions. An experimental, empirically determined, carbon input function was established after a series of iterations were carried out to produce a simulated CO• curve that compared with the available data shown in Figure 6 . Each iteration required a modification to the sink functions. While this procedure requires a significant degree of operator control (which involves manipulation of the model), the important point is that the atmospheric mixing ratios for CO• in the high northern hemisphere latitude bands (where the data were obtained) is still dominated by the carbon input function rather than by the "inferred" sink functions. At the very least these sink functions could be used to guide experimental investigation of carbon sinks, which are still not properly understood.
Global Carbon Cycle Model
The time-dependent global carbon cycle model (GCCM) used in this study is a modified version of the model developed by Higuchi [1983a, b] . It describes the routing of CO2 injected into the atmosphere. As the overall structure of the model is essentially the same, only a short description is given here. The model is formulated to include, as much as is reasonably possible, the essential and fundamental processes of the global carbon cycie that are necessary to reproduce some of the globally consistent and basic features of the observed CO2 time series. The model structure is made up of three components: (1) an atmospheric model, which is two-dimensional, zonally averaged, and vertically layered; within this atmosphere, the air masses transport trace gases by advection and diffusion; (2) an oceanic model, with three explicitly resolved but independent water masses, all coupled to the atmosphere; (3) a terrestrial biosphere, which is treated as a lower boundary forcing function to the model atmosphere.
Model Atmosphere
The two-dimensional atmospheric model architecture is identical to the one used by Pearman and Hyson [1980] The "box" model atmosphere is in contact with and coupled to the "box" model ocean, which will now be described.
Model Oceans
The oceans constitute one of the two major internal reservoirs (the other being the land biosphere and, to a lesser but unknown degree, the ocean biosphere) which Bjorkstrom [1979] . The atmospheric production rate of x4C atoms by cosmic rays is assumed to be constant The simplified physical ocean sink mechanism in the original model [Higuchi, 1983b] was found to be inadequate; that is, not enough gas is absorbed by the model ocean. Subsequently, it has been found that there are other processes [e.g., Farmer et at., 1993] operating at the air-ocean interface that enhance the absorption. Also, we are ignoring the possibility that the oceans have undergone decadal-scale circulation changes. Such changes could have affected atmospheric CO•. levels in a similar way that oceanic E1 Nifio's affect atmospheric CO•.. There is some preliminary observational evidence to suggest that deep water formation in the North Atlantic (Greenland Sea) has slowed down in recent years. A recent global carbon model [Kwon and $chnoor, 1994] is similarly limited with respect to sink structure.
In Figure 6 , it is to be noted that peaks in the simu- 
Discussion of Results and Conclusions
Given that the PIAGREV signature in the ice cores is a result of the "fallout" of biomass burn products transported over long distances, we can make use of a large literature base upon which to develop a discussion of some of the dynamics of the processes involved [e.g., Levine, 1991 [Grove, 1988] , which is recognized to have occurred in many glaciated alpine regions. Documentation of the northern hemisphere regional climatic regimes throughout the PIAGREV will be the subject of a paper in preparation.
